The replication ofplasmids containing various fragments of the hamster polyomavirus (HaPV) DNA non-coding region was tested in a permissive hamster cell line. We first investigated the importance of some methodological parameters including the time course and the amount of transfecting plasmid DNA and have shown that these factors can greatly influence the relative amount of newly replicated DNA accumulated within the transfected cells. Taking these into account, quantitative comparisons could be made showing the effect of various parts of the regulatory sequence on the HaPV DNA replication.
Distinct segments of the hamster polyomavirus regulatory region have differential effects on DNA replication
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Functional analysis of the regulatory region of the polyomavirus genome has defined three distinct elements involved in viral DNA replication and transcription (DePamphilis, 1989) : an upstream transcriptional enhancer, an origin of replication and a downstream region containing large T antigen-binding sites. The sequence of the hamster polyomavirus (HaPV) regulatory region suggests a similar organization (Delmas et al., 1985) . Conserved motifs are recognized in the region in which viral DNA replication putatively initiates. They include a GC-rich palindrome that contains a putative binding site for the large T antigen surrounded on its late side by an AT-rich sequence and on its early side by an inverted repeat sequence. Together, these three conserved motifs are referred to as the core component of the replication origin (ORI in the figures), that is required for replication under all conditions. Thus, small deletions within the GC-rich palindrome or the adjacent AT-rich sequence inactivate the HaPV origin of replication in permissive cells in vitro (de La Roche Saint Andr6 et al., 1989) . The remainder of the non-coding region, containing promoter or enhancer elements, constitutes the auxiliary component of the replication origin, possibly dispensable under some conditions. The aim of the experiments reported here was to characterize functionally some of the sequences in the non-coding region that might influence the replication of the HaPV genome.
The replication capacity of recombinant plasmids containing various DNA fragments of the HaPV regulatory region was measured after their introduction into the permissive hamster cell line BOH. BOH cells are BHK cells transformed by an origin-defective mutant of HaPV. This mutant represents the wild-type HaPV genome carrying a 4 bp deletion of the single ApaI site located in the middle of the GC-rich palindrome (de La Roche Saint Andr6 et al., 1989) . BOH cells constitutively express the viral early genes and provide a permissive context for the replication of recombinant plasmids containing an HaPV origin.
The replication of virus origin-carrying vectors is usually measured at a fixed time after the transfection of a standard amount of plasmid DNA. The amount of unmethylated DpnI-resistant DNA species accumulated in the transfected cells is taken as a measure of the replication activity (Katinka & Yaniv, 1983; Muller et al., 1983; Veldman et al., 1985; Li et al., 1986; Hertz & Mertz, 1986; Deb et al., 1986) . Quantitative data (average results from several experiments) obtained under these conditions are used to express the relative replication capacities of plasmids. The influence on replication of sequences flanking the polyomaviruses' origin cores has been studied by several laboratories, but even when the experimental protocols used were similar the quantitative assessment of the effects of these sequences varied considerably. For example, there is a considerable variation in the magnitude of stimulation reported for the simian virus 40 origin auxiliary sequences (see Guo et al., 1989, for references) . This led us to evaluate the influence of some parameters involved in the assay on the quantitative results obtained, to optimize the comparative analysis of various plasmids in our experimental system.
The replication time course of the HaPV-carrying vectors was the first parameter investigated. The kinetic experiment presented in Fig. 1 compares the replication activities of two representative plasmids. The reference plasmid Ha-CAT121, which contains the HpaI-EcoRI fragment (nucleotides 4854 to 199) spanning the entire non-coding region of the wild-type HaPV DNA cloned into a chloramphenicol acetyltransferase (CAT) expression vector, has been described previously (Delmas et al., 1992) . In the second plasmid, Ha-CAT121.6, a deletion has removed all the upstream sequence up to the 5' boundary of the origin AT-rich domain (Fig. 1 a) . The amount of DpnI-resistant DNA was measured at various times post-transfection ( Fig. 1 b and c) . The kinetics of accumulation of DpnI-resistant DNA differ qualitatively for the two plasmids throughout the time course, Ha-CAT121 replicating more efficiently than Ha-CAT121.6. As a consequence, the ratio of the amounts of DpnIresistant material varies greatly during the time course (from 25 at 28 h to 2 at 88 h). As a maximal amount of replicated plasmid DNA is transiently accumulated in the cells at 48 h post-transfection, this time was chosen for subsequent experiments. We next investigated the influence of the amount of DNA introduced into the cells (input DNA). For this purpose, BOH cells were transfected with increasing amounts of plasmid DNA (ranging from 0.1 to 5 pg). The autoradiograms and the corresponding curves are presented in Fig. 2 . Using the same plasmids as above, two conclusions can be drawn. First, the amount of DpnI-resistant material in the cell is not a linear function of the amount of input DNA. An increase in the signal is observed up to 2 lag of transfecting DNA, followed by a plateau. Second, compared to that of Ha-CAT121, the replication of Ha-CAT121.6 is quite inefficient over the whole range of concentrations tested, being undetectable below 0.75 lag of input DNA. In the range where Ha-CAT 121.6 replication is measurable, the ratio of the amounts of DpnI-resistant DNA from the two plasmids remains roughly the same (varying between 5 and 10). Therefore, increasing the amount of Ha-CAT121.6 introduced cannot compensate for its lower replication capacity relative to that of Ha-CAT121.
From the results shown in Fig. 1 and 2 it can be concluded that plasmid Ha-CAT121.6, in which all the upstream transcriptional sequences are deleted, still replicates in BOH cells, albeit at a lower level than Ha-CAT121. This demonstrates that the upstream transcriptional elements are not absolutely required for HaPV origin-dependent replication, a situation parallel to that observed with SV40 but different from that with routine polyomavirus (DePamphilis, 1989) . Nevertheless, these elements have a strong stimulatory effect, as shown by the decrease in the rate of accumulation of DpnI-resistant DNA (Fig. 1 ) and the lower maximum amount of newly replicated DNA produced ( Fig. 1 and 2 ) when they are deleted. Furthermore, the deleterious effect of a small deletion within the AT-rich sequence has been established previously (de La Roche Saint Andr~ et al., 1989) . Together these results indicate that the late boundary of the minimal HaPV origin lies just outside the AT-rich domain.
To determine the segments in the non-coding region which are responsible for the difference in the replication activities of Ha-CAT121 and Ha-CAT121.6, the replication activities of various plasmids were tested. Compared to Ha-CAT121.6, Ha-CAT121.2 retains the upstream segment between the NcoI and the NheI sites, including the putative A enhancer core sequence. In addition, HaCAT121.7 contains the EcoRI-NcoI fragment encompassing the two putative B enhancer core elements (Fig. 2 a) . Replication of these other constructs is also presented in Fig. 2 (a and b) . As compared to Ha-CAT121.6, the upstream segment contained in Ha-CAT 121.2 appears to stimulate replication but only with large amounts of input DNA (1 to 5 lag). In contrast, the additional upstream sequences present in Ha-CAT 121.7 have a strong positive effect with low amounts of input DNA. The HpaI-EcoRI fragment missing from Ha-CAT121.7, as compared to the reference plasmid Ha-CAT121, appears to have only a slight effect in the quantitative range studied. Similarly, the curve obtained with a construct resulting from an internal deletion of the NcoI-NheI fragment in Ha-CAT121 is quite similar to that of Ha-CAT121.7 (data not shown). This indicates that the stimulatory effect of the EcoRI-NcoI fragment does not depend on the presence of the NcoI-NheI fragment. Such differential effects of these two fragments on DNA replication could result from differences in the amount and/or affinity of the different trans-acting factors that recognize them. Using the same assay, we also investigated the contribution of the early side of the non-coding region. As shown in Fig. 2 , there is a range of the amount of DNA transfected (up to 0"75 lag) in which the replication of some plasmids (Ha-CAT121.6 and Ha-CAT121.2) is barely or not detectable. For this reason, experiments were done with large amounts of input DNA (i.e. 1 to 5 lag), for which a plateau in the amount of DpnI-resistant DNA is observed. Fig. 3 shows that, compared to Ha-CAT121.6, a further reduction in the replication efficiency is observed when an EcoRII-EcoRI fragment (nucleotides 121 to 199) is removed from the downstream non-coding sequence (Ha-NE1). The recombinant plasmid Ha-CAT121.2.0 contains the upstream sequence present in Ha-CAT121.2. The downstream limit of Ha-CAT121.2.0 was constructed using a synthetic doublestranded oligonucleotide in an attempt to reconstitute a rightward boundary similar to that postulated for the homologous SV40 and polyomavirus origin cores (DePamphilis & Bradley, 1986) . As compared to Ha-NE1, this corresponds to a further deletion of 85 bp that totally prevents the replication (Fig. 3) . Under the conditions of these experiments (i.e. high inputs of transfecting DNA), the NcoI-NheI fragment present in Ha-CAT121.2.0 is fully active (see Ha-CAT121.2). This strengthens the evidence for an absolute requirement of the 85 bp fragment of the non-coding region to activate replication. This 85 bp sequence contains five copies of a GPuGGC pentanucleotide. In the homologous region of polyomavirus, two large T antigen-binding sites have been identified (Gaudray et al., 1981) . In SV40, an auxiliary element, which is dispensable but can greatly stimulate replication under certain experimental con-ditions (Guo et al., 1989) , encompasses the strongest large T antigen-binding site (region I). This demonstrates that at least part of the putative large T antigen early binding sites is absolutely required for the replication of HaPV DNA, a situation different from that described for both polyomavirus (Katinka & Yaniv, 1983) and SV40 (Li et al., 1986) .
In an effort to define clearly the effects of separate segments of the HaPV non-coding region on DNA replication, we have investigated the importance of some methodological parameters in our experimental system (time post-transfection, amount of input DNA). This has allowed us to draw unequivocal conclusions with regard to the relative contribution of various parts of the noncoding region to HaPV DNA replication. Unlike polyomavirus but like SV40, the initiation of HaPV DNA replication does not strictly require the upstream transcriptional elements, although they have a strong stimulatory effect. In contrast, part of the downstream transcriptional elements, containing putative large T antigen-binding sites, is absolutely required for the initiation of HaPV DNA replication. These results allow the definition of the origin core component of HaPV, with an upstream boundary lying just beside the AT-rich domain and a downstream boundary localized farther from the inverted repeat than that described for both polyomavirus and SV40. Further experiments will be required to locate the rightward limit of the HaPV DNA replication origin precisely. We emphasize that our conclusions must be restricted to the BOH cell context. Indeed, some variations in minimal origin sequence requirements might be observed depending on the cell type. Such variations have been reported, for example, in the case of the human papovavirus BK (Deyerle et al., 1989) .
